Herein, a unique nanohybrid foam was fabricated with titanium dioxide (TiO 2 )-carbon quantum dots (CQDs) nanoparticles intercalated between graphene oxide (GO) layers via a facile and low-cost solvothermal method. Compared with pure GO foam, the fabricated GO-TiO 2 -CQDs foam displayed high degradation rate towards methyl orange (MO), methylene blue (MB), and rhodamine B (RhB), respectively, under the Xenon lamp irradiation. The composite foam can be used for several times and remain a high degradation rate without structural damage. The photochemical property was attributed to the 3D porous structure of GO-TiO 2 -CQDs foam, in which ultrafine hydrogenated TiO 2 -CQDs nanoparticles were densely anchored on the GO sheets. This paper provides an efficient strategy to tune the charge transport and thus enhance the photocatalytic performance by combining the semi-conductive GO and quantum dots.
INTRODUCTION
With the increasing environmental contamination over recent years, photocatalyst materials have attracted much attention due to their controllable and adjustable properties. Photocatalysis is a simple process to degrade water pollution with high reactivity by photocatalysts under mild reaction conditions. Photocatalysts can convert light into chemical energy, thus promoting the oxidization or reduction of the pollutants [1, 2] . The primary requirement for the photocatalysts is that there is sufficient energy to induce a catalytic chemical reaction. Among all the photocatalysts, metal oxide semiconductors such as zinc oxide (ZnO, E g =3.2 eV) [3, 4] , ferric oxide (Fe 2 O 3 , E g =3.2 eV) [5] , titanium dioxide (TiO 2 , E g =3.2 eV) [6] , cuprous oxide (Cu 2 O, E g =2.2 eV) [7] [8] [9] , and tin oxide (Sn 2 O 3 , E g =3 eV) [10, 11] are recognized as the efficient degraders for organic dyes. The photo-generated electrons and holes from the photocatalysts can interact with the surrounding environment to produce superoxide radicals or hydroxyl radicals. These radicals have strong oxidative properties and can degrade pollutants in water. These metal oxides have been widely investigated for photocatalysis [7] , Li-ion battery [12] , and supercapacitors [13] , due to their large specific surface area and excellent electrochemical activity.
The cost-effective TiO 2 is an outstanding candidate for the photocatalyst owing to its superior properties, including chemical stability, durable oxidizing power, and nontoxicity [14] . Zhang et al. [15] fabricated a waterdispersible TiO 2 /graphene nanocomposite via a facile and efficient hydrothermal approach. TiO 2 can generate highly active electrons and holes to react with oxygen in water, and further degrade organic dyes in water. It was noticed that the architectures of the TiO 2 , including nanosphere [16] , nanotube [17] , nanowire [18] , and nanosheet [19] , influence the physicochemical properties of the photocatalysts. Reports showed that combining TiO 2 with other semiconductor nanomaterials could effectively improve the photocatalysis via the interfacial chargetransfer processes of the photo-generated charge carriers [6] . Notably, conductive carbonaceous materials, such as graphene and carbon quantum dot (CQD), were integrated with TiO 2 to adjust the band gap and enhance the charge transfer rate of the nanocomposites [20, 21] . Sathish Kumar et al. [22] obtained CQD/TiO 2 nanohybrids via a simple one-step solvothermal method. The CQD/TiO 2 exhibited high decomposition rate of methylene blue (MB), due to the fast charge transfer between CQD and TiO 2 . CQDs can promote the interfacial charge, energy transfer, and relaxation processes, and thus enhance the photocatalytic performance of TiO 2 . Other than CQDs, graphene exhibits sizeable specific surface area and excellent electrical conductivity. Yang et al. [23] fabricated TiO 2 with different dimensions by in-situ synthetic strategies and then hybrided them with graphene. Graphene plays a substantial role in collecting photoexcited electrons from the conduction band of TiO 2 and prevents the recombination of electrons and holes generated inside or on the surface of the TiO 2 [7] . Different constructions of nanocomposites expand the scope of photocatalysis [24] [25] [26] . Lee et al. [27] demonstrated that graphene wrapped amorphous TiO 2 nanoparticles possessed excellent photocatalytic properties under visible light for the degradation of MB.
In this study, the three-dimensional (3D) hybrid foam composed of TiO 2 -CQDs nanoparticles and graphene oxide (GO) nanosheets was fabricated via the hydrothermal method as shown in Scheme 1. Compared with powders and membranes of graphene and TiO 2 nanocomposites, 3D graphene foam displays high elasticity and mechanical stability, excellent electrochemical stability, and high conductivity, due to the well interconnected porous microstructure in the nanocomposites, which benefit the adsorption of contaminant and the hybrid of electrodes [12, [28] [29] [30] . Deng et al. [31] obtained GO sheets with different lateral sizes by controlling the delamination conditions of graphite oxide with a convenient one-step hydrothermal self-assembly method. In our system, graphene was utilized to integrate with TiO 2 -CQDs nanoparticles and then form a 3D structure to promote efficient charge separation. This study provides a new opportunity for developing reusable and high-performance photocatalyst for wastewater treatment.
EXPERIMENTAL SECTION

Materials
Natural graphite flake (99.8% purity) and glucose (99.5% purity) were purchased from Sigma Aldrich. Potassium permanganate (KMnO 4 ) and absolute ethanol were purchased from Beijing Chemicals Co., Ltd (Beijing, China). Sulfuric acid (H 2 SO 4 , analytical grade, 98% aqueous solution), phosphoric acid (H 3 PO 4 , analytical grade, 35% aqueous solution), and hydrogen peroxide (H 2 O 2 , analytical grade, 30% aqueous solution) were bought from Tianjin Dongfang Chemical Plant (Tianjin, China). TiO 2 (analytical grade, P25), thiourea, rhodamine B (RhB), methyl orange (MO), and MB were purchased from J&K (Beijing, China). All the chemicals were used without additional purification. The deionized water was obtained by a Millipore system (≈18.2 MΩ cm −1 ).
Preparation of TiO 2 -CQDs nanocomposites
Firstly, CQDs were fabricated via a one-pot hydrothermal method [32] . In detail, 2 g glucose was dissolved in 20 mL deionized water. Then, the solution was transferred into a Teflon-lined stainless steel autoclave for hydrothermal reaction at 200°C for about 10 h to obtain the CQDs.
Then, the CQDs were anchored on the surfaces of TiO 2 nanoparticles with a primary particle size of 25 nm by stirring TiO 2 (100 mg) with a pre-determined amount of CQDs in 30 mL deionized water for 30 min. The solution became a homogeneous light brown suspension without visible precipitation, and then was transferred into a Teflon-lined stainless steel autoclave for hydrothermal reaction about 10 h at 200°C. Then, the solution was cooled at ambient temperature, and a dark brown liquid was obtained. The composites were isolated by centrifugation and dried under vacuum at 60°C.
Preparation of GO
GO was synthesized according to the modified Hummers method [33] . Specifically, 40 mL concentrated phosphoric acid and 360 mL sulfuric acid were slowly injected into 3 g of natural graphite flakes under stirring at ambient temperature. Then 18 g potassium permanganate was added slowly into the system in the water bath for 12 h (50°C). After cooled down to 25°C, the mixture was slowly poured onto 200 mL ice crush and 5 mL 10% hydrogen peroxide. Then the luminous yellow solution was centrifuged for 30 min (4000 rpm). The precipitation was then washed with water, 30% hydrochloric, and ethanol (2×), respectively. Subsequently, the obtained suspension was filtered through a polytetrafluoroethylene (PTFE) membrane (pore size: 0.22 μm) using diethyl ether as the solvent. After vacuum-drying for 12 h, the GO was obtained.
Preparation of GO-TiO 2 -CQD foam
The GO-TiO 2 -CQDs foam was fabricated by hydrothermal treatment. Firstly, 20 mg TiO 2 -CQD nanoparticles were dispersed in 30 mL homogeneous GO (2 mg mL −1 ) suspension. After the addition of 1 g thiourea, the mixture was sonicated for 30 min. Next, the mixture was transferred into a 50-mL Teflon-lined stainless steel autoclave and maintained at 180°C for 4.5 h. After natural cooling, the GO-TiO 2 -CQD foam was soaked in distilled water for 24 h along with three times of water change to remove residual gas and other impurities. Finally, vacuum freeze-drying was used to remove water and the GO-TiO 2 -CQD foam was obtained. The preparation of pure graphene foam was to disperse GO into 30 mL suspension with the assistance of 1 g thiourea. After ultrasonic dispersion, the mixture was transferred into a 50-mL Teflon-lined stainless steel autoclave under the same hydrothermal conditions and operation steps.
To obtain GO-TiO 2 foam, 1 g thiourea and 100 mg TiO 2 powder were dispersed into 30 mL suspension of GO.
After ultrasonic dispersion, the mixture was transferred into a 50-mL Teflon-lined stainless steel autoclave under the same hydrothermal conditions and operation steps.
Photodegradation of organic dyes
The photodegradation behaviors of the hybrids were measured with MB, RhB, and MO. They were mixed just before the degradation experiments. The foam (15 mg) was immersed into 4.5 mL MB, RhB, and MO solution (10 μmol L −1 ), respectively. Photocatalysis was carried out under the irradiation of the Xenon lamp of 150 W. The absorbance of the reaction solution was monitored in real time, and each data was repeated for three times to get the average value. The foams after the dye absorption were soaked in 5 mL ethanol solution for desorption, and the absorbance of the solution was measured every half an hour. During the desorption process, the ethanol solution gradually changed from colorless to the color of the dye, until the color of the solution no longer varied, indicating that the dye was entirely desorbed and the foam can be reused.
Characterization
The scanning electron microscopy (SEM) images of the TiO 2 -CQDs nanoparticles and GO-TiO 2 -CQDs foam were obtained by using the JSM-6700F (JEOL, Japan). The transmission electron microscopy (TEM) images were acquired on a JEM-2100F(JEOL, Japan) at the acceleration voltage of 200 kV. The TiO 2 -CQDs nanohybrids aqueous solution was dropped onto the copper grid and dried at room temperature. X-ray diffraction (XRD) was taken on a Rigaku D/max-2500 VB+/PC(JEOL, Japan) equipment with the scanning 2θ angle from 5°to 90°. X-ray photoelectron spectroscopy (XPS) was performed on thermo VG (ESCALAB 250, Waltham, USA). Raman spectroscopy was recorded by a Raman spectroscope (LabRAM HORIBA JY, Edison, NJ). The solid powder and foam were placed directly on a quartz glass slide, and the laser focus position was adjusted before testing. Fourier transform infrared spectroscopy (FTIR) was recorded using a Nicolet NEXUS (Nicolet 6700, Thermo-Fisher, USA) instrument with transmission accessory. The atmospheric background was collected before each scan. The samples were prepared by potassium bromide (KBr) tableting method. The samples of TiO 2 -CQD and GO-TiO 2 -CQD were ground uniformly with KBr according to the ratio of 1:100 in an agate mortar. And then they were tested by transmission plug. The concentration of dyes during the photodegradation was characterized by UV-vis (PerkinElmer, Lambda 365, Korea) absorbance measurement.
RESULTS AND DISCUSSION
Morphology of GO-TiO 2 -CQD foam
The morphological changes of TiO 2 -CQDs nanoparticles were characterized by SEM, shown as the images of the TiO 2 nanoparticles before and after CQD decoration, with TiO 2 @glucose as the reference to identify the function of CQD in the nanocomposite, and decrease the uncertainty from the addition of glucose. It can be found that the irregular nanoparticles formed when the TiO 2 nanoparticles were directly mixed with glucose ( Fig. 1a ). However, after decorating the CQDs, the obtained TiO 2 -CQDs display satellite structure with the surface nanoparticle size ranging from 50 to 100 nm (Fig. 1b, c) . Moreover, the CQDs on the surface of TiO 2 -CQDs reduced the aggregation and resulted in a better dispersion of TiO 2 . The -OH functional groups on the surface of the TiO 2 can anchor on the surface of CQDs, leading to the satellite structure of TiO 2 -CQDs with the alternating arrangement of TiO 2 and CQDs. As shown in Fig. 1d -e, the TiO 2 -CQDs contain only three elements, C, O, and Ti, indicating that most of the surface elements are CQDs, and the content of Ti element is only 0.1%.
The morphology of the prepared GO and GO-TiO 2 -CQDs foam was characterized and shown in Fig. 2a, b . It can be seen that GO foam is stacked by many lamellas with many uneven holes. The size of the hole can be adjusted based on the concentration of graphene. The internal hole is more uniform and has a relatively stable structure when the concentration of graphene is 2 mg mL −1 . The lower concentration of the original solution, the higher the specific surface area of the foam. However, the structure is loose, and the mechanical property is poor in hybrid foam with low graphene concentration. Therefore, the concentration of graphene in 2 mg mL −1 was selected for the subsequent experiments. In the hydrothermal preparation process of the foam, thiourea was decomposed into ammonia and hydrogen sulfide, which could further exfoliate GO into single layer and reduce GO. Besides, these compounds decorated on the surface of GO, so that the stacking between the adjacent layers became more compact via π-π stacking, electrostatic interaction and hydrogen bonds. However, a larger content of thiourea will not lead to stable GO foam because of the gas molecules release. Therefore, 1.0 g thiourea was applied in the experiment. In Fig. 2c, d , the SEM images of GO-TiO 2 -CQDs foam show that the addition of TiO 2 does not affect the microporous structure of GO, but help to form aggregates at nanoscale, which significantly increases the specific area of foam. Also, we found the nanoparticles did not fall off even when they were immersed in deionized water for several days. This indicates that the TiO 2 -CQDs nanoparticles are successfully loaded on the graphene layers through electrostatic interaction and hydrogen bonds.
Structural analysis of GO-TiO 2 -CQD foam
The change of functional groups before and after the combination of TiO 2 with CQDs was explored by UV-vis testing in Fig. 3a . The absorption band at 226 nm is as- cribed to n→σ*, which can be observed in all three UVvis curves of CQDs, TiO 2 and TiO 2 -CQDs, verifying the existence of -OH. When the composite nanoparticles form, the absorption peak slightly decreases relative to CQDs and TiO 2 , indicating the change of -OH content. Another peak, the R band, near 280 nm is ascribed to n→π*, which can be seen in the UV-vis curves of CQDs and TiO 2 -CQDs. Due to the dehydration at high temperature, some oxygen functional groups of glucose and -OH on the surface of TiO 2 powder turn into C=O. Besides, the inserted optical images of TiO 2 -CQDs under the natural light and the 365 nm ultraviolet light are also shown in Fig. 3a . As the specific color enhancement effect presents, the CQDs system is stabilized by the hybrid with TiO 2 . It can be observed that there is a slight blue fluorescence under 365 nm ultraviolet light. Fig. 3b shows the photoluminescence spectra of TiO 2 , CQDs and TiO 2 -CQDs nanoparticles. Due to the aggregation of hydroxyl groups on the surface of TiO 2 in water, the most active emission wavelength of pure TiO 2 is about 390 nm when the excitation wavelength is 260 nm, while the most vigorous emissions of anatase and rutile locate at 378 and 400 nm, respectively. For CQD and TiO 2 -CQDs, by scanning the emission spectra at different excitation wavelengths, we can see that the most active excitation wavelength is about 340 nm, and the corresponding emission wavelength is about 430 nm. The anchoring of TiO 2 results in the increase of fluorescence peak intensity at 430 nm, indicating that the broadband gap of TiO 2 affects the surface structure of CQDs, not the photoluminescence property. It can be assumed that, when the excitation light irradiates, a part of the electrons transfer to the CQDs, leading to the charge separation of the photogenerated electrons and holes in the TiO 2 . Generally, the band gap of TiO 2 is about 3.0-3.2 eV, while the electron and hole easily recombine, limiting its application in catalysis. The CQDs, as a kind of photosensitive material, can effectively guide the electron transfer of TiO 2 , resulting in effective inhibition of electron and hole recombination. Therefore, electron and holes on the CQDs react with O 2 and H 2 O to form superoxide anion (O 2 •− ) and hydroxyl radical (HO • ).
In Fig. 3c , the zeta potential of pure CQDs is unstable and displays a broad fluctuation range. Finally, it tends to stabilize at −20 mV, where the CQDs are prone to aggregate. The pure TiO 2 shows relatively stable zeta potential of 25 mV. While for TiO 2 -CQDs, the variation of zeta potential is within 40-80 mV in steady state. The positive charge on the surface of TiO 2 -CQDs makes them easily assemble with GO. Fig. 3d shows the Raman spectra of the TiO 2 , CQDs, and TiO 2 -CQDs to elucidate the structural complexity of TiO 2 -CQDs, according to the separated peaks from different phases. The modes, A 1g (492 cm In the Raman spectra (Fig. 4b) , the peaks of the D band at 1305 cm is ascribed to the lattice defects indicating the presence of NH 3 . The peak at 1061 cm −1 is ascribed to the antisymmetric stretching vibration of -SO 3 H. Fig. 4c This proves that TiO 2 in the GO-TiO 2 -CQDs foam is mainly in the form of anatase. The typical (002) peak located at 24.6°demonstrates the disorder stacking structure of GO layers. The weak broad (001) peak at 9.7°i mplies the existence of a small amount of oxygen-containing groups. From Fig. 4d , the XPS spectra of GO foam show bands located at 534, 400 and 285 eV, which are associated with the characteristic peak of O 1s, N 1s, and C 1s, respectively. The peak at about 400 eV can be attributed to the formation of amino and amide groups due to the decomposition of thiourea. Meanwhile, the XPS spectrum of the synthesized GO-TiO 2 -CQD foam shows three predominant binding energy peaks around 524, 453 and 278 eV, corresponding to the C 1s, Ti 2p, and O 1s, respectively. As shown in Fig. 4e , the Ti 2p spectrum shows two peaks at the binding energy of 464 and 459 eV, corresponding to Ti 2p 3/2 and Ti 2p 1/2 , respectively [28] . The C 1s spectrum in Fig. 4f consists of two binding energy peaks at 288 and 286 eV, assigned to the oxygen bound species C-O and C=O, respectively. Another absolute peak at 284.7 eV corresponds to the none-oxygenated ring C atom (C=C/C-C).
Photocatalytic properties of the synthesized 3D foam for organic dyes
The photocatalytic activities of the foam were investigated by adsorbing MO, RhB, and MB. The photocatalytic degradations of MO over the GO foam, GO-TiO 2 foam, and GO-TiO 2 -CQDs foam were detected by UV-vis spectroscopy. MO displays orange color in water and absorbs in the visible region at 466 nm. Based on the Lambert-Bill law, a linear relationship between the absorbance and the concentration of the dye solution is assumed. Here, the photocatalytic degradation rate (D%) is defined as the following formula [34] :
Therein, A 0 is the absorbance of the original solution, and A T is the absorbance at T min. Fig. 5a -c show the time-dependent UV-vis spectra of MO in the presence of the GO foam, GO-TiO 2 foam and GO-TiO 2 -CQDs foam in a neutral aqueous solution under Xenon lamp irradiation. The absorbance intensity of MO gradually decreases as a function of time under irradiation. As shown in Fig. 5d , the corresponding degradation efficiencies for GO foam, GO-TiO 2 foam, GO-TiO 2 -CQDs foam, and TiO 2 powder are about 68.37%, 81.57%, 92.47%, and 13.85%, respectively. The faster and higher degradation of MO was observed in the presence of the GO-TiO 2 -CQDs foam. After 3 h, the color of aqueous MO solution with GO-TiO 2 -CQDs foam almost disappears (Fig. 5c inset) . This phenomenon indicates that not only the GO foam, but also the TiO 2 -CQDs nanoparticles have specific catalytic degradation effect on dyes.
Also, the degradation experiments were carried out on RhB and MB with GO foam, GO-TiO 2 foam, and GO-TiO 2 -CQDs foam. The time-dependent degradation curves are shown in Fig. 5e . The GO-TiO 2 -CQDs foam displays a stronger degradation rate (95.54%) to MB than GO-TiO 2 foam (85.46%), GO foam (81.95%) and TiO 2 powder (30.99%). Similar to MO and MB, when GO foam, GO-TiO 2 foam, and TiO 2 powder were added to RhB solution, the degradation efficiencies were 68.41%, 75.96%, and 25.50%. However, when GO-TiO 2 -CQDs foam was added, the degradation efficiency was increased to 92.84% (Fig. 5f ). The slope of the photocatalysis degradation kinetic curve illustrates that the GO-TiO 2 -CQDs foam has a faster degradation rate and higher degradation efficiency towards MB ( Fig. 5d-f ), which may be attributed to the stronger electrostatic adsorption effects aroused by the more considerable negative surface potential of MB. The recycling degradation experiments using GO foam, GO-TiO 2 foam, and GO-TiO 2 -CQDs foam were performed under the same conditions. As shown in Fig. 5g -i, the degradation efficiencies of MB, MO, and RhB all maintain at a high level for GO foam, GO-TiO 2 foam, and GO-TiO 2 -CQDs foam.
Combined with the explanation of photocatalytic effect in the previous work [22, 35] , the photocatalytic elucidation of the GO-TiO 2 -CQDs foam is schematically shown in Scheme 2. Pairs of electrons and holes are produced when photocatalyst TiO 2 nanoparticles absorb UV radiation from Xenon lamp. As the results of FL-testing show, the combination of TiO 2 and CQDs can effectively transfer the photogenerated electrons generated by TiO 2 to the surface of carbon dots. In detail, parts of negativeelectrons (e − ) are easily transferred to CQDs, and the other parts of negative-electrons (e − ) transfer to GO.
Thereby, the lifetime of photogenerated electrons is increased, and the photocatalytic effect is improved. Moreover, these electrons react with oxygen in the water to form superoxide anion (O 2 
CONCLUSIONS
In summary, a novel photoactive GO-TiO 2 -CQDs composite, consisting of GO, CQD, and TiO 2 , was fabricated via a facile and efficient solvothermal route. This GO-TiO 2 -CQDs composite displays a 3D foam structure, in which TiO 2 -CQDs microspheres adsorb on porous graphene sheets. Compared with pure GO foam, the fabricated GO-TiO 2 -CQDs foam displays high degradation rates of 92.48%, 95.54%, and 92.84% towards MO, MB, and RhB, respectively, under the Xenon lamp irradiation. This indicates that the high degradation efficiency benefits from the GO sheets, which can accept electrons and inhibit charge recombination between the electrons in the conduction band of TiO 2 and holes in the valence band of CQDs. Besides, GO-TiO 2 -CQDs foam maintains the high photodegradation rate after being used for several times, indicating the remarkable degradation capability and stability. The encouraging performances indicate that the obtained GO-TiO 2 -CQDs foam may have a promising prospect as photocatalyst. More broadly, our 3D foam provides photogenerated electrons with strong reduction ability and photoelectron with strong reduction ability under Xenon lamp. Therefore, this 3D platform is expected to be used for the preparation of hydrogen by high efficient photolysis of water.
